Introduction
The Myc family of proto-oncogenes (MYC, MYCN, MYCL) encodes bHLHZ (basic helix-loop-helix leucine zipper) transcription factors, which regulate thousands of genes coordinating numerous cellular processes, including proliferation, differentiation, self-renewal, and metabolism (1). While Myc proteins exhibit variable expression patterns, they share considerable functional redundancy (2) . Although MYC genes are normally induced by mitogenic stimulation and their activity is tightly regulated under physiological conditions, oncogenic activation occurring via mutation, genomic amplification, and translocation leads to aberrant overexpression or stabilization of Myc proteins (1).
Dysregulation of Myc oncoproteins is a frequent event in a broad array of human cancers, including Burkitt's lymphoma (BL), breast cancer, neuroblastoma (NB), etc. (1). The role of Myc in tumor initiation and maintenance makes it an appealing target for cancer therapy (3), although targeting transcription factors has generally proven difficult. Despite an increasingly detailed mechanistic understanding of Myc structure and function, therapeutic strategies to directly manipulate Myc remain a historic challenge (4) (5) (6) (7) , suggesting that alternative approaches are needed.
One important consequence of Myc activation is enhanced ribosome biogenesis and protein synthesis, required for its oncogenic output and cancer cell survival (8) . Oncogenic Myc can thus engage the unfolded protein response (UPR), a cellular homeostatic program initiated by an excess of unfolded or misfolded proteins in the endoplasmic reticulum (ER) lumen (9) . In mammalian cells, the UPR has evolved into a complex network of signaling events, mediated by 3 major stress sensors: inositol-requiring enzyme 1 (IRE1), activating transcription factor 6 (ATF6), and PKR-like endoplasmic reticulum kinase (PERK). Each sensor engages unique mechanisms to affect distinct transcription factors, initiating a specific molecular response. Interestingly, PERK promotes an autophagic program that sustains cell viability and promotes tumor growth in c-Mycoverexpressing cells (10, 11) . In contrast, a role for the IRE1 pathway in Myc-overexpressing cells and its potential utility as a therapeutic target for Myc-driven cancers have not been investigated.
IRE1 is the only ER stress sensor conserved from yeast to mammals, and the mammalian genome encodes 2 isoforms, IRE1α and IRE1β. IRE1α is more ubiquitously expressed, whereas IRE1β is restricted to the epithelium of the gastrointestinal tract (12) . IRE1 proteins have an ER-luminal sensor domain that recognizes unfolded proteins as well as cytosolic kinase and endoribonuclease (RNase) domains that mediate responses through downstream effectors (12) (see Figure 1A ). Under conditions of ER stress, IRE1 is activated through dimerization and autophosphorylation and removes 26 nucleotides from unspliced X-box binding protein 1 (XBP1u) mRNA to generate spliced XBP1 (XBP1s), producing a functional XBP1s transcription factor ( Figure 1A ) (12) . XBP1s in turn regulates the expression of numerous genes that maintain ER homeostasis, including those encoding ERresident chaperones and components of the ER-associated degradation machinery (ERAD) (13, 14) . The IRE1 RNase also selectively degrades ER-bound mRNAs to alleviate ER protein load, a process known as regulated IRE1-dependent decay (RIDD) (15) .
Myc activation is a primary oncogenic event in many human cancers; however, these transcription factors are difficult to inhibit pharmacologically, suggesting that Myc-dependent downstream effectors may be more tractable therapeutic targets. Here, we show that Myc overexpression induces endoplasmic reticulum (ER) stress and engages the inositol-requiring enzyme 1α (IRE1α)/X-box binding protein 1 (XBP1) pathway through multiple molecular mechanisms in a variety of c-Myc-and N-Myc-dependent cancers. In particular, Myc-overexpressing cells require IRE1α/XBP1 signaling for sustained growth and survival in vitro and in vivo, dependent on elevated stearoyl-CoA-desaturase 1 (SCD1) activity. Pharmacological and genetic XBP1 inhibition induces Myc-dependent apoptosis, which is alleviated by exogenous unsaturated fatty acids. Of note, SCD1 inhibition phenocopies IRE1α RNase activity suppression in vivo. Furthermore, IRE1α inhibition enhances the cytotoxic effects of standard chemotherapy drugs used to treat c-Myc-overexpressing Burkitt's lymphoma, suggesting that inhibiting the IRE1α/XBP1 pathway is a useful general strategy for treatment of Myc-driven cancers.
IRE1α RNase-dependent lipid homeostasis promotes survival in Myc-transformed cancers RNA content (Supplemental Figure 2C) . Along with the canonical target gene LDHA (Supplemental Figure 2D ), c-Myc induction correlated with elevated ERN1 (IRE1α), HSPA5 (BiP), XBP1t, XBP1s (XBP1s), and XBP1s/XBP1t (Figure 2 , C-E), suggesting that c-Myc regulates multiple components of the IRE1α stress-response pathway in these cells.
c-Myc appeared to induce the IRE1α/XBP1 pathway through a variety of mechanisms. First, restimulation of previously c-Mycdepleted P493 cells via tetracycline withdrawal revealed a timedependent increase in LDHA, ERN1, HSPA5, XBP1t, and XBP1s mRNA ( Figure 2F and Supplemental Figure 2E ) and protein ( Figure  2G ), with maximal expression levels achieved by 24 to 48 hours. Importantly, IRE1α, BiP, XBP1s, and c-Myc protein levels in P493 High Myc cells were comparable to multiple bona fide BL cell lines: Raji, Daudi, Ramos, and EB-2 (Supplemental Figure 2F) , consistent with the notion that P493 High Myc cells are a faithful BL model (20) . ChIP-sequencing (ChIP-seq) analysis of P493 cells confirmed c-Myc binding to E-box sequences in the ERN1, HSPA5, and XBP1 promoters, confirming that c-Myc activates their transcription directly (Supplemental Figure 2G) . Second, c-Myc regulates IRE1α RNase activity, as demonstrated by increased XBP1s/XBP1u ratios ( Figure 2D ) and phosphorylated IRE1α protein levels ( Figure 2E ) in c-Myc-expressing cells. Consistent with this observation, XBP1s/ XBP1t ratios were reduced upon c-Myc suppression, but only fully restored 48 hours after c-Myc induction (Figure 2 , F and G). These data likely reflect a delay between c-Myc-dependent target gene induction (<24 hours) and accumulation of sufficient misfolded/ unfolded proteins to stimulate IRE1α RNase activity (between 24 hours and 48 hours). Third, utilizing a cycloheximide (CHX) chase assay, we observed that IRE1α protein half-life was regulated by c-Myc (Supplemental Figure 2H ). IRE1α protein stability can be positively regulated by DDRGK domain-containing protein 1 (DDRGK1) through ufmylation modification (21) . However, in contrast to a previous study, this may be DDRGK1 independent in BL, as DDRGK1 expression was negatively correlated with IRE1α stability in P493 cells (Supplemental Figure 2I ). In addition, Sun et al. demonstrated that IRE1α is a substrate of the SEL1L-HRD1 ERAD complex and that ERAD-mediated IRE1α degradation is attenuated by ER stress (22) . However, no significant changes in SEL1L1 or HRD1 protein levels were observed in P493 cells with variable c-Myc expression (Supplemental Figure 2 , J and K), suggesting that the exact mechanism of how c-Myc regulates IRE1α protein stability needs to be further investigated.
Treating c-Myc-overexpressing BL cell lines with the nonspecific Myc inhibitor JQ1 (Supplemental Figure 2 , L and M) or low-dose CHX (Supplemental Figure 2N ) significantly reduced HSPA5 and XBP1s transcripts and proteins as well as XBP1s/ XBP1t ratios. Consistent with these biochemical findings, transmission electron microscopy revealed an irregular ER structure, with substantially expanded membranes and distended lumens in c-Myc-overexpressing P493 cells ( Figure 2H ). Taken together, our data are consistent with a model in which c-Myc engages the IRE1α/XBP1 stress pathway through multiple mechanisms (Figure 2I ) by (a) directly activating ERN1, HSPA5, and XBP1 transcription, (b) stabilizing IRE1α protein, and (c) increasing ER protein load, thereby activating IRE1α RNase activity and promoting XBP1 splicing (See Discussion).
In this study, we demonstrate that the IRE1α/XBP1 pathway is engaged in both c-Myc-and N-Myc-driven cancers and that c-Myc regulates this pathway through multiple molecular mechanisms. Moreover, IRE1α/XBP1 signaling induces stearoyl-CoA desaturase (SCD) transcription, which generates unsaturated lipids required for ER membrane homeostasis. Pharmacological inhibition of IRE1α RNase activity or XBP1 depletion decreases growth and initiates apoptosis preferentially in Myc-overexpressing cells in vitro and in vivo and is reversed by exogenous unsaturated lipids. Treatment with a SCD inhibitor phenocopies the effects of IRE1α suppression on in vivo tumor growth. Finally, a highly selective IRE1α inhibitor (B-I09) exhibits synergistic effects with standard of care (e.g., doxorubicin) to treat c-Myc-transformed BL. Taken together, these findings reveal an essential mechanism whereby oncogene-driven anabolic metabolism engages homeostatic stress responses to promote tumor growth. Importantly, the use of IRE1α inhibitors (such B-I09) could improve treatment of both c-Mycdriven (e.g., BL) and N-Myc-driven (e.g., NB) malignancies.
Results
ER stress and the IRE1α/XBP1 pathway are enhanced in human and mouse BL. Previous reports suggested a relationship between c-Myc expression and ER stress, although the details of this interaction remain unclear (10) . We employed BL as a c-Myc-dependent disease model in which MYC translocation into immunoglobulin loci leads to its constitutive transcriptional dysregulation and expression (16) . Analysis of Oncomine data (www.oncomine.org) revealed that HSPA5 mRNA, which encodes the ER chaperone BiP, is elevated in BL cells relative to normal centroblasts (CB) (Figure 1B) , BL cells of origin. HSPA5 levels also correlated with MYC mRNA abundance and an established c-Myc signature ( Figure 1C , Supplemental Figure 1A , and Supplemental Table 1 ; see Methods for details; supplemental material available online with this article; https://doi.org/10.1172/JCI95864DS1), suggesting that increased c-Myc engages ER stress-response pathways in BL patients. We initially focused on the IRE1α arm of the UPR, whose regulatory and functional mechanisms have not been previously investigated in this setting. Gene-expression profiles of 2 independent BL patient cohorts (17, 18) revealed that elevated XBP1s target mRNAs (19) relative to CB ( Figure 1D ), consistent with increased IRE1α RNase activity and XBP1s accumulation. Interestingly, RIDD was not engaged, as indicated by the overexpression (rather than underexpression) of multiple RIDD targets in BL (Supplemental Figure 1B) . In addition, ratios of Xbp1s to total Xbp1 (Xbp1t) transcripts, an indicator of IRE1α RNase activity, were elevated in Eλ/MYC murine BL lymphoma cells and LAP/MYC murine hepatocellular carcinoma cells compared with their normal counterparts ( Figure 1E and Supplemental Figure 1C Figure 3C ). Importantly, the effects of B-I09 were more subtle in Low Myc and No Myc cells, especially at 10 μM or less ( Figure 3 , B-E and Supplemental Figure 3D ). It is noteworthy that the ability of B-I09 to specifically induce apoptosis in c-Myc-overexpressing cells was Figure 3J) . Figure 2F ), which also exhibited growth and survival defects upon B-I09 exposure, although their sensitivity to the drug varied (Figure 4 , A-G). For example, B-I09-treated Ramos cells displayed a dose-dependent inhibition of XBP1 splicing and reduced proliferation and viability without apparent alterations in c-Myc protein levels or IRE1α phosphorylation ( Figure 4 , A-C, and Supplemental Figure 4A ). The modest increase in IRE1α protein abundance ( Figure 4A ) was consistent with that found in previous studies of XBP1 deletion in leukemic and hepatic cells and may reflect a negative feedback mechanism (23, 26) or changes in IRE1α protein stability. Importantly, the viability of B-I09-treated Ramos cells was rescued by treatment with CHX ( Figure 4D ), indicating that elevated protein synthesis and proteotoxicity at least partially contribute to IRE1α activation. We employed Ramos (EBV in decreased levels of SCD1 protein (Supplemental Figure 5F ). SCD is a known c-Myc transcriptional target (38) ( Figure 5A ); however, c-Myc protein levels were only modestly changed, if at all, in response to IRE1α RNase inhibition ( Figure 5C , and Supplemental Figure 5 , D and E), suggesting that decreased SCD1 was at least partly c-Myc independent and XBP1s dependent. In summary, we identified SCD as a transcriptional target downstream of IRE1α/ XBP1 signaling in BL.
B-I09 suppresses growth and induces apoptosis in human and mouse BL cells. c-Myc was overexpressed in all BL cells tested (Supplemental
To test the critical role of SCD1 in IRE1α-inhibited, c-Mycoverexpressing conditions, P493 High Myc cells were cultured with the monounsaturated fatty acids oleic acid (OA) (C18:1) or palmitoleic acid (POA) (C16:1). OA partly rescued cell proliferation ( Figure 5F ), and both OA and POA essentially restored cell viability without affecting the ability of B-I09 to reduce XBP1s and SCD1 expression ( Figure 5G , and Supplemental Figure 5G ). However, a combination of OA and saturated palmitic acid (Palm) (C16:0) did not rescue viability as effectively as OA alone, even though exposure to Palm itself was not toxic (Supplemental Figure  5H ). These results suggest that unsaturated fatty acids are critical to maintaining the viability of B-I09-treated cells.
Because long-chain fatty acids are relatively insoluble in aqueous solutions, they were conjugated to lipid-free BSA before use. Surprisingly, control BSA partially rescued cell growth and viability in the absence of exogenous OA (Figure 5 , F and G; and Supplemental Figure 5H ). This raised the possibility that BSA might enter B-I09-treated cells through macropinocytosis (39, 40) and contribute to viability by supplying free amino acids, although free BSA could rescue viability by scavenging lipids in the medium (41) . To test this, cells were cultured in medium with reduced lipid concentration (see Methods). Treatment with B-I09 substantially reduced cell viability in lipid-limited conditions, and whereas exogenous BSA alone rescued the viability of multiple B-I09-treated cell lines in replete medium, it had no significant effect on the survival of lipid-limited cells. In contrast, addition of exogenous BSA-conjugated OA fully rescued viability in lipid-limited cells, suggesting that BSA functioned primarily as a fatty acid shuttle in these experiments (Supplemental Figure 5I) .
A requirement for SCD1 function in c-Myc-overexpressing P493 cells was further validated using a commercially available SCD1 inhibitor (SCDi), which phenocopied B-I09 treatment by inducing growth arrest and cell death (Supplemental Figure 5 , J and K). However, apoptosis was only induced after 72 hours of treatment (Supplemental Figure 5K) , suggesting other mechanisms might also exist.
The regulation of SCD1 by IRE1α/XBP1 signaling and its role in maintaining cell growth and survival were further validated in bona fide BL cell lines ( Figure 6 , A-D, and Supplemental Figure 6 , A-D). Importantly, SCD expression was increased in BL cells relative to CB ( Figure 6E ). Therefore, we evaluated the therapeutic potential of SCDi for BL growth in vivo. SCDi administration significantly decreased tumor growth and tumor weight ( Figure 6F ). However, this was also accompanied by a slight weight loss during treatment (Supplemental Figure 6E) , as observed in a previous study (42) . Finally, SCDi treatment engaged all 3 UPR pathways (ATF6: HERPUD1; IRE1: XBP1s, DNAJB9; PERK: ATF3, DDIT3), and each was reversed with OA supplementation (Supplemental Figure 6F ). Taken together, IRE1α RNase inhibition resulted in BL compared with WT murine B lymphocytes ( Figure 4H ). Collectively, these data suggest an essential protective role for IRE1α RNase activity downstream of elevated c-Myc in BL cells.
IRE1α RNase inhibition induces growth and viability defects by decreasing SCD1 accumulation. There are multiple mechanisms whereby IRE1α might regulate growth and survival in c-Mycoverexpressing cells. For example, the IRE1α cytoplasmic region also contains a kinase domain that phosphorylates and activates the JNK pathway, inducing apoptosis (28) . However, phospho-JNK protein levels were unaffected by B-I09 treatment ( Supplemental Figure 5A) . Additionally, XBP1s can regulate the expression of BECN1, thereby inducing autophagy (29, 30) , which confers a cytoprotective advantage in c-Myc-overexpressing mammalian (10) and Drosophila (11) cells. However, autophagy (based on p62 and LC3-II abundance) was not suppressed by B-I09 treatment (Supplemental Figure 5B) , indicating no decline in autophagic flux in this setting.
Both c-Myc and the IRE1α/XBP1 pathway have been previously implicated in regulating lipid metabolism in normal and malignant tissues (19, 26, (31) (32) (33) , suggesting that alterations in lipid homeostasis trigger growth and viability defects in IRE1α-inhibited, c-Myc-overexpressing BL cells. To investigate this possibility, we quantified mRNA levels of 20 lipid metabolism genes in IRE1α inhibitor-treated P493 cells, including those involved in synthesis, storage, and catabolism ( Figure 5A) . B-I09 treatment inhibited XBP1 splicing without altering c-Myc activity (based on unchanged LDHA levels). Expression of lipid synthesis genes, e.g., HMGCR1, HMGCS1, ACLY, ACACA, FASN, and SCD, was increased by c-Myc and inhibited by B-I09. De novo lipogenesis generated diverse free fatty acids from glucose and glutamine, which could be probed by supplying uniformly 13 C-labeled glucose (U-13 C-glucose) and subsequent mass spectrometry (MS) analysis of saponified fatty acids (34) (Supplemental Figure 5C ). Analysis of labeling at steady state quantified the unlabeled fraction (M+0) relative to labeled forms arising from lipogenesis. Consistent with mRNA expression, de novo lipogenesis was significantly higher in High Myc cells and suppressed by B-I09 treatment ( Figure 5B ).
We focused on SCD for several reasons: (a) SCD mRNA abundance was the most altered across different conditions among all genes tested ( Figure 5A ); (b) SCD encodes the rate-limiting enzyme in monounsaturated fatty acid formation (furthermore, increased levels of monounsaturated fatty acids [e.g., C18:1 oleic acid (OA)] are a hallmark of human c-Myc-driven lymphomas, based on comprehensive lipid profiling; ref. 35); and (c) previous work demonstrated that synthesizing or scavenging unsaturated lipids is critical to maintaining cell viability in multiple transformed cell types, especially encountering elevated protein synthesis (36, 37) . Decreased SCD1 protein accumulation upon IRE1α RNase inhibition was confirmed in multiple cell lines ( Figure 5C and Supplemental Figure 5 , D and E). More importantly, U-13 Cglucose labeling enabled us to determine SCD1 activity by calculating mean enrichment of labeled C18:1/C18:0 (Supplemental Figure 5C ): SCD1 enzymatic activity was dramatically inhibited by B-I09 effects on SCD1 abundance ( Figure 5D ).
ChIP analysis demonstrated XBP1s binding to the SCD proximal promoter, regulated by both tunicamycin (utilized to increase XBP1s expression) and B-I09 ( Figure 5E ), consistent with previous observations in mouse liver cells (26) . XBP1 knockdown resulted Figure 7 , B-D). Furthermore, this decrease in cell viability was largely restored by CHX treatment ( Figure 7G ). Mechanistically, B-I09 treatment resulted in decreased SCD1 (Figure 7H ) and all phenotypes were partly or totally reversed by OA ( Figure 7I and Supplemental Figure 7E) . Similarly, N-Myc SHEP cells were more sensitive to SCDi treatment or SCD knockdown with siRNA than controls (Supplemental Figure 7 , F-H). To confirm B-I09 IRE1α target specificity, cells were treated with scrambled shRNA (shSCR) or shRNA targeting XBP1 (shXBP1) ( Figure 8A ). Like B-I09 treatment, XBP1 depletion with shXBP1 decreased SCD1 protein levels and induced apoptosis in N-Myc SHEP cells, while control SHEP cells were largely resistant (Figure 8, A and B) .
cell phenotypes, dependent on SCD1 loss. In addition, targeting SCD1 phenocopied B-I09 to decrease in vivo tumor growth. However, based on the toxicity of SCDi, IRE1α RNase inhibition may be a safer therapeutic strategy for BL patients. N-Myc-overexpressing cells also engage the IRE1α/XBP1/SCD1 pathway to maintain viability. To determine whether these findings extend to other Myc family members, we employed the N-MycER SHEP NB cell line in which N-Myc activity is induced by tamoxifen treatment ( Figure 7A ; and Supplemental Figure 7A ). N-Myc activation via 4-hydroxytamoxifen (4-OHT) increased XBP1 splicing (Figure 7 , B and C) and XBP1s protein abundance ( Figure 7D ), indicating that N-Myc also engages the IRE1α/XBP1 pathway. Whereas B-I09 had only modest effects on the proliferation of untreated control SHEP cells (N-Myc negative), it robustly inhibited proliferation and indicate that Myc-transformed cancer cells rely on this pathway to sustain cell proliferation and viability. We further identify SCD1 as a critical IRE1α/XBP1 effector required for maintenance of ER homeostasis and prevention of Myc-mediated cytotoxic ER stress. Disruption of ER-dependent protein folding and transport results in the accumulation of misfolded proteins and consequent activation of ER stress responses. Specifically, cells initiate at least 1 of 3 major UPR-signaling pathways (PERK, IRE1, ATF6) that collectively attenuate protein synthesis, increase protein folding, and elevate protein degradation to sustain cell survival. If these responses do not restore ER homeostasis, persistent UPR signaling can ultimately trigger apoptosis (9) . The UPR has recently been appreciated as a central player in tumor development, making it an appealing target in both solid and hematological malignancies (45, 46) . However, several fundamental issues need to be addressed to rationally target the UPR and improve patient outcomes. For example, what constitutes cell-autonomous drivers of UPR in different types of cancer and how they function to integrate stress management must be elucidated. In addition, how to identify patients most likely to respond to UPR inhibition remains unclear. In the current study, we determined that both c-Myc and N-Myc overexpression activate the IRE1α/XBP1 pathway through multiple molecular mechanisms. More importantly, this signaling pathway induces SCD1 as a critical downstream effector that generates unsaturated lipids to maintain ER membrane homeostasis in the face of Myc-dependent proteotoxicity. Consistent with our results, improve standard therapies currently used to treat BL clinically. Apoptosis triggered in BL cells by either doxorubicin or vincristine treatment was further enhanced by B-I09. Combination indices (CIs) showed additive or synergistic effects with doxorubicin and vincristine in Daudi and Ramos cells (Figure 9 , A-C, and Table 1) , and the effects of B-I09 depended on SCD1 activity (Supplemental Figure 9, A and B) . These results suggest that B-I09 and other IRE1α inhibitors could be used to treat a variety of Myc-driven malignancies, including c-Myc-overexpressing BL and N-Mycoverexpressing NB, to improve standard of care.
Discussion
Myc overexpression drives tumor growth and progression by altering the expression of thousands of target genes that regulate myriad cellular processes (1). Although Myc-transformed tumors are highly dependent on sustained Myc transcriptional activity, directly inhibiting Myc as a therapeutic approach has proven technically difficult and largely unsuccessful (7) . Alternative approaches, such as inhibition of Myc-mediated downstream effectors, need to be investigated. Paradoxically, Myc is known to activate both proliferation and apoptosis, depending on the cellular context (1, 44). However, the mechanisms that cancer cells use to escape Myc-induced apoptosis remain poorly understood. In this study, we found Myc activated the prosurvival IRE1α/XBP1 pathway in a broad spectrum of human and murine cancers, including BL, CLL, NB, and hepatocellular carcinoma. In addition, our findings , doxycycline chow was used to knock down XBP1. Tumor growth, tumor weight, and bulk tumors are shown. *P < 0.05; **P < 0.01; ***P < 0.001, 2-tailed paired t test. lipogenesis, yet SCD1 loss does not fully explain cellular responses to IRE1α inhibition. Therefore, it is possible that decreased lipid biosynthesis also contributes to the observed phenotypes. Future studies will investigate how Myc, MondoA, and XBP1s coordinate with each other to regulate lipid metabolism. Our results also extend an emerging theme in which oncogenic transformation simultaneously induces anabolic metabolism to increase proliferation along with homeostatic pathways that maintain cell viability. These include lipid and protein scavenging in RAS-transformed tumors (39, 53) , autophagy downstream of c-Myc overexpression (10) , and lipid storage downstream of HIF2α activation (54) . The role of the IRE1α/XBP1 pathway in human cancers may be more general, as Genovese et al. recently demonstrated that pancreatic ductal adenocarcinoma cells exhibiting a Myc geneexpression signature undergo an anabolic switch that increases protein metabolism and adaptive activation of IRE1α-mediated survival pathways (55) . Increased XBP1s levels are frequently associated with human multiple myeloma (56) , and disruption of XBP1 splicing by inhibiting IRE1α may be a promising therapeutic option in this and other malignancies. Finally, XBP1s promotes triple-negative breast cancer progression via HIF1α (57), suggesting that different oncogenic pathways may engage distinct downstream UPR responses and therefore harbor nonoverlapping vulnerabilities to specific inhibitors.
Our findings support the use of IRE1α RNase inhibitors as an approach to targeting multiple tumors. BL, characterized by MYC translocation and dysregulation, is a highly aggressive malignancy that clinically presents as the most common pediatric cancer in specific geographic locations, such as equatorial Africa, Brazil, and Papua New Guinea. Although intensive chemotherapy can achieve long-term survival, these nontargeted agents are unsafe in older patients due to immune suppression and cannot be efficiently an accompanying report (47) utilizing a triple-negative breast cancer model also demonstrates c-Myc regulation of IRE1α/XBP1 signaling and shows that cells with higher c-Myc expression are more sensitive to pharmacological IRE1α inhibition and genetic XBP1 depletion. Taking these two studies together, we identified IRE1α/ XBP1 signaling as a critical survival pathway downstream of Myc activation in multiple cancers; therefore, Myc activation might be utilized to predict responses to IRE1α RNase inhibitor treatment in patients with CLL, NB, and breast cancers.
Previous studies clearly show that XBP1s regulates ERassociated degradation, protein entry into the ER, and protein folding (13, 14) . However, to maintain ER homeostasis in cells with oncogene-driven protein synthesis, ER lipid membrane biogenesis must also be regulated to accommodate elevated protein load. For example, our previous studies revealed an essential role for unsaturated lipids in maintaining ER homeostasis and viability in cells with constitutive mTORC1 activity (48) . The relationship between the UPR and ER lipid homeostasis is underscored by data demonstrating mutant IRE1α and PERK proteins lacking the ability to sense unfolded proteins retain their responsiveness to increased lipid saturation (49) and showing that SCD1 inhibition initiates ER stress in multiple conditions (50, 51) . In this study, we extend the model by demonstrating that IRE1α/XBP1 signaling itself regulates SCD1 expression ( Figure 9D ). In the case of Myc-transformed cancer cells, this feedback loop is essential for cell proliferation and viability. Interestingly, the accompanying study describes the complex formation of c-Myc/XBP1s in the nucleus; it is possible c-Myc/ XBP1s coordinately transcriptionally regulates SCD. Carroll et al. found that oncogenic Myc requires the Myc superfamily member MondoA for tumorigenesis (52) and that decreased lipid biosynthesis plays an important role in MondoA-deficient cell death. In our study, we also found that IRE1α RNase inhibition decreased de novo Reagents. B-I09 was described in a previous publication (23) . Tetracycline (catalog 87128), β-estradiol (catalog E8875), CHX (catalog C7698), tunicamycin (catalog T7765), fatty acid-free BSA (catalog A8806), OA (catalog O3008), POA (catalog P9417), sodium palmitate (catalog P9767), 4-OHT (catalog H7904), and doxorubicin hydrochloride (catalog D1515) were purchased from Sigma-Aldrich. JQ1 (catalog 4499) was from TOCRIS, and 4μ8c (catalog 412512) was from Millipore. SCDi (catalog Cay10012562) and vincristine sulfate (catalog 11764) were purchased from Cayman. U- Plasmids, virus production and infection. GIPZ nonsilencing lentiviral shRNA control (clone ID RHS4346) and shRNA-targeting XBP1 (clone ID V3LHS_387388) were purchased from Dharmacon. Inducible control shRNA (forward: 5′-CCGGCCTAAGGTTAAGTC-GCCCTCGCTCGAGCGAGGGCGACTTAACCTTAGGTTTTTG-3′, reverse:
5′-AATTCAAAAACCTAAGGTTAAGTCGCCCTCGCTC-GAGCGAGGGCGACTTAACCTTAGG-3′) or XBP1 shRNA (forward: 5′-CCGGGACCCAGTCATGTTCTTCAAACTCGAGTTTGAAGAA-CATGACTGGGTCTTTTTG-3′, reverse: 5′-AATTCAAAAAGAC-CCAGTCATGTTCTTCAAACTCGAGTTTGAAGAACATGACTG-GGTC-3′) was cloned in pLKO-Tet-On lentiviral vector. To produce lentiviruses, 293T cells were cotransfected with the lentivirus expression vectors psPAX2 and pMD2.G using FuGENE 6 transfection reagent (catalog E2691, Promega). Lentiviruses were collected 48 hours after transfection. For N-MycER SHEP cells, the infection efficiency was greater than 95% after 2 days infection, examined by GFP-positive cells. For Kelly cells, viruses were used with 8 μg/ml polybrene for infection and cells were selected with 0.75 μg/ml puromycin for 5 days to establish stable cell lines. deployed in less developed regions because of the need for extensive supportive care. Thus, targeted treatment strategies with fewer side effects are urgently needed. We provide a proof of principle of combining IRE1α inhibitors with chemotherapy drugs to decrease cytotoxicity and improve survival. In addition, MYCN amplification is a major prognostic factor in NB (43); targeting IRE1α underlying N-Myc overexpression is thus a promising strategy for treating a second fatal pediatric disease, where standard of care is extremely difficult and lengthy and imposes substantial toxicities.
Methods
Cell culture. Raji, Daudi, Ramos, EB-2, SK-N-AS, and BE2C cells were obtained from ATCC in 2016, and the Kelly cell line was obtained from Sigma-Aldrich. MEC1, MEC2, and WaC3 cells were described previously (58) . The 8498 cells were obtained from Alexander L. Kovalchuk and Herbert C. Morse III (both from the National Institute of Allergy and Infectious Disease, NIH, Rockville, Maryland, USA). N-MycER SHEP cells were described previously (59) . Cells were cultured for a maximum of 6 weeks before thawing fresh, early passage cells and routinely confirmed to be Mycoplasma negative. Raji, Daudi, Ramos, EB-2, MEC1, MEC2, WaC3, P493, 8498, N-MycER SHEP, and Kelly cells were maintained in RPMI 1640 supplemented with 10% FBS, 2 mM glutamine, and penicillin/streptomycin and cultured in 5% CO 2 at 37°C. as follows: forward: 5′-GGCCCTGTAATTGGAATGAGTC-3′, reverse: 5′-CCAAGATCCAACTACGAGCTT-3′. Western blot analysis. Cells were lysed in 150 mM NaCl, 10 mM Tris pH 7.6, 0.1% SDS, and 5 mM EDTA containing Roche cOmplete ULTRA Protease/Phosphatase Inhibitor (catalog 05892791001). Nuclear fractionation was performed using NE-PER Nuclear and Cytoplasmic Extraction Reagents (catalog 78833, Thermo Fisher Scientific). Protein concentration was quantified with Pierce BCA Protein Assay Kit (catalog 23225, Thermo Fisher Scientific). Isolated proteins were resolved by SDS-PAGE, and Western blot analysis was performed. IRE1α phosphorylation was monitored by Phos-tag SDS-PAGE (Wako Pure Chemical Industries Ltd.) as described previously (60) . All primary antibodies were diluted in 1:1,000 in 5% w/v nonfat milk, unless otherwise noted. Blots were incubated with primary antibodies overnight at 4°C. XBP1s (catalog 619502, 1:500) antibody was from BioLegend. c-Myc (catalog ab32072), actin (catalog ab3280), and SCD1 (catalog ab19862) antibodies were purchased from Abcam. IRE1α (catalog 3294), BiP (catalog 3177), PARP (catalog 9542), GAPDH (catalog 2118), total JNK (catalog 9252), phospho-threonine 183/185 JNK (catalog 9251), p62 (catalog 5114), LC3B (catalog 2775), N-Myc (catalog 9405), and HDAC1 (catalog 5356) antibodies were purchased from Cell Signaling Technology. DDRGK1 antibody (catalog HPA013373) was from Sigma-Aldrich. HRD1 antibody (catalog NB100-2526) was from Novus. SEL1L antibody was generated in our laboratory. Primary antibodies were detected using horseradish peroxidase-conjugated secondary antibodies (Cell Signaling Technology) followed by exposure to enhanced chemiluminescence substrate (catalog NEL103001EA, PerkinElmer) or SuperSignal West Femto Maximum Sensitivity Substrate (catalog 34095, Thermo Fisher Scientific).
ChIP and ChIP-qPCR assay. This assay was performed as described previously (57) . qPCR using SYBR Green was performed per the manufacturer's protocol. The primers used for positive control ERdj4 were as follows: forward: 5′-GCAGCAACAACAGTTTTCCA-3′, reverse: 5′-GCACCCTAATCTCGGTCGTA-3′. Primers for negative control were as follows: forward: 5′-TTCAGGGGAAGAAAAACTTGGGA-3′ and reverse: 5′-TCCGAAAAACCCCTGCACTC-3′, which is located upstream of the SCD promoter. Primers for XBP1s binding site within the SCD promoter region were as follows: forward: 5′-AGAGGGAA-CAGCAGATTGCG-3′, reverse: 5′-CTGTAAACTCCGGCTCGTCA-3′.
Analysis of lipids by fatty acid methyl esterification. Gas chromatography/MS (GC/MS) analysis was used to examine total cellular fatty acids either with or without 13 C enrichment. U-13 C-glucose was used to allow differentiation between de novo-and non de novo-produced lipids. For 13 C enrichment studies, cells were cultured in RPMI 1640 medium (catalog 11879020, Thermo Fisher Scientific) and supplemented with 5% dialyzed FBS (catalog 100-108, Gemini Bio Products), with all unenriched glucose replaced with U-13 C-glucose. Cells were cultured to a level of 5 × 10 5 /ml in T-75 flasks. Subsequently, they were collected by centrifugation and washed 3 times with ice-cold PBS. The second PBS wash contained 1% fatty acid-free albumin to remove residual lipids from the medium. After the last centrifugation, 1 ml of cold methanol was added prior to storage at -80°C. A standard Bligh-Dyer chloroform extraction was used to recover both polar and nonpolar lipids (61) . Cells were initially sonicated in 2.7 ml of 75% methanol/25% water. Subsequently, chloroform and water were added, resulting in a final mixture containing 38:31:31 of methanol/water/ chloroform. The mixture separated into 2 phases with the lipids in a Viability assays. Cell viability was determined using the FITCAnnexin V PI Kit (catalog 556547) or APC-Annexin V (catalog 550475) for GFP-positive cells from BD Biosciences according to the manufacturer's instructions. Flow cytometry was performed using the BD Accuri C6 instrument or BD FACSCalibur flow cytometer, and double-negative cells were determined viable.
Cell growth assay. BL cell lines and CLL cells were seeded in 6-well plates and exposed to indicated treatments. Cells were counted at various time points using the Invitrogen Countess Automated Cell Counter (catalog C10281) per the manufacturer's instructions. Control SHEP, 4-OHT SHEP, SK-N-AS, BE2C, and Kelly cells were seeded in 96-well plates and exposed to indicated treatments. At indicated time points, cell growth was analyzed using the WTS-1 reagent (catalog 11644807001, Roche) according to the manufacturer's instructions.
Electron microscopy. , dox diet (catalog S3888, Bio-Serv) was administered to the mice. Tumor volume was monitored by caliper measurements.
Mice, tumor formation, and B cell purification. Mice carrying the human MYC oncogene under the control of the Igλ regulatory elements (62) were crossed with WT C57BL/6J mice (mouse strain 000664, The Jackson Laboratory), monitored for lymphoma development, and sacrificed when moribund (3 to 5 months old). Total RNA from superficial cervical lymphomas and mesenteric lymphomas from the same mouse was extracted for further analysis. For WT B cell purification, naive B lymphocytes were purified from C57BL/6J mouse spleens by magnetic depletion of CD43-positive cells (Miltenyi Biotech) according to the manufacturer's instructions. LAP/MYC mice were described previously (63) . mRNA was extracted from 5 liver tumors and paired normal liver tissues from this mouse model for qRT-PCR analysis.
Statistics. In Supplemental Figure 5I and Supplemental 6, C and D, the contribution ratios of BSA were calculated using relative viability of B-I09+BSA to divide B-I09 treatment alone, while the contribution ratios of OA were calculated using relative viability of B-I09+OA to divide B-I09+BSA. For the correlation between HSPA5 expression and Myc signature (Supplemental Figure 1A , and Supplemental Table 1 ), raw data for 22 samples of interest in GSE2350 were downloaded from NCBI's Gene Expression Omnibus (GEO) database. Robust multiarray average (RMA) was performed separately on the 9 and 13 samples, which were run on HG_U95A and HG_U95Av2, respectively. Resulting log 2 -transformed normalized intensities were quantile normalized across all samples to lessen the platform-specific effects. Correlation of all genes across all samples was calculated against HSPA5 (probeset ID 36614_at). P values and false discovery rate-corrected (FDR-corrected) P values were calculated for each gene. The set of genes with corrected P values of less than or equal to 0.01 (106 genes) was overlapped with the set of genes described to be Myc-related in the Hallmark sets from MSigDB (Myc Union, 240 genes). A Fisher's exact test was performed showing the overlap between these 2 lists and the full set of genes included in the array design. Six genes from the 2 lists significantly overlapped (P = 0.0364). Where necessary, data were statistically analyzed to generate mean ± SD. The levels of significance were determined using 2-tailed Student's t test, 2-way ANOVA with Bonferroni's correction, or 2-tailed paired t test. Where appropriate, P values are provided in the figures or in the legends. P < 0.05 was considered statistically significant.
Study approval. All experiments involving the use of mice were performed following protocols approved by the Institutional Animal Care and Use Committee at the University of Pennsylvania.
